Studies in experimental animals suggest links between genetic damage to the fetus and the etiology of several disorders, including fetal loss, teratogenesis, and cancer. Methods for measuring genetic damage directly in the human fetus could provide epidemiologists and clinical researchers with powerful tools for investigating similar associations in humans. Current methods potentially available for such studies include assays for mutagenic substances in human body fluids and for measuring modifications to genetic material at the three levels of organization of genetic material: the chromosome, the gene or specific locus, and chemical DNA. Results of studies using fetal tissues to investigate each of these end points are reviewed, emphasizing studies of chemical modifications to DNA nucleotides detected in the human placenta.
showing that exposure to diphenylhydantoin induces neuroblastoma, but the number of affected children is small (4) . More recent epidemiologic studies have also suggested associations between maternal exposure to N-nitroso compounds and childhood brain tumors (5) and hydrocarbon-related occupations and childhood leukemia (6) , but these studies require confirmation.
In contrast to the rarity of epidemiologic models for human transplacental carcinogenesis, there are many examples of transplacental carcinogenesis in experimental animals (4, (7) (8) (9) (10) . Table 1 can increase sensitivity to later carcinogenic (initiating or promoting) exposures. Many tumors resulting from transplacental exposures occur in adulthood and at the same sites as spontaneously occurring tumors. Compounds present in tobacco smoke and cigarette smoke condensate are active transplacental carcinogens in animals. The fetus has greater sensitivity to some carcinogens than the adult, so that estimates of doses necessary for transplacental carcinogenesis cannot be accurately predicted from effects in adults.
or because we do not have the tools to detect transplacental carcinogenesis in humans? A search for possible exposures that could be used as models for investigating human transplacental carcinogenesis led to consideration of cigarette smoking. Maternal smoking is associated with increased rates for spontaneous abortion, perinatal mortality, congenital defects, and low birth weight. Maternal smoking also causes large increases in some forms of human placental metabolism (11) . These data indicated that transplacental exposure to constituents of cigarette smoke occurs and has biologically important effects. Animal studies showed that several constituents of cigarette smoke and cigarette smoke condensate itself are transplacental carcinogens. Taken together, these findings suggested the possibility that individuals transplacentally exposed to maternal smoking may be at increased cancer risk in adult life (4) . Investigations of this possibility offer an opportunity both to study this specific hypothesis and to use these investigations to develop approaches for similar studies of other exposures.
Using a traditional epidemiologic approach in which information gathered by questionnaires is linked with health outcomes from medical records, studies investigating the effects of gestational exposure to maternal smoking were proposed (4) and then piloted (12, 13) . In these studies, evaluation of effects of transplacental exposures was complicated by significant associations between cancer risk and passive exposure to smoking by the mother or father. They were also hampered by relatively low frequencies of maternal use of cigarettes in the area in which the studies were conducted. Overall, in the United States, large numbers of women began smoking during the 1920s, so that transplacentally exposed individuals are only now reaching the age at which a high frequency of cancer would be expected. Despite these difficulties, a significant association between maternal smoking and elevated risk of hematopoietic malignancies was observed [relative risk (RR) = 2.7]. Although numbers were small and not all of the risks were significant, diseases with elevated risk included Hodgkin's disease (RR = 4.4), non-Hodgkin's lymphomas (RR = 1.7), and the acute leukemias (RR = 8.8) (12) . A methodological study investigating the consistency between parental smoking histories obtained independently from the cancer victims and the victims' parents was also completed; agreement was good qualitatively, but relatively poor quantitatively (14) . Links between maternal smoking and cancer risk are being explored further in case-control studies and will not be discussed further here.
In part, consideration of the limitations of using traditional epidemiologic methods to investigate transplacental carcinogenesis prompted consideration of alternative strategies that integrate laboratory and epidemiologic studies. Rather than attempting to establish empiricaliy direct links between exposure and disease, such biochemical or molecular approaches to environmental epidemiology investigate discrete stages in the pathophysiological sequence of events intervening between exposure and effect, including measures of external exposures, internal exposures, biologically effective exposures, and biological responses (15 Bacterial mutagenesis assays of human body fluids provide a method for detecting levels of internal exposure to mutagens. Mutagens observed may be of environmental or endogenous origin. These assays are conducted by obtaining specimens of body fluids, either sterilizing the samples or extracting them (typically by means of miniature columns of resins), and testing them in bacterial mutagenesis assays. Most studies have used a protocol modified from that described by Yamasaki and Ames (17) , in which specimens were extracted with XAD-2 resins and tested with the Salmonellalmammalian microsomal plate assay. Further description of the methods, results for specimens of human urines, and the advantages and limitations of this approach can be found in two reviews (18, 19) .
Three studies have applied bacterial mutagenesis assays to specimens of human amniotic fluid (20) (21) (22) . One of these studies examined only specimens taken at diagnostic amniocenteses obtained early in the second trimester (20) . The small volume available (less than 10 mL) limited the sensitivity ofthese assays. While assays of similar volumes of urine from smokers were more mutagenic than urine specimens from nonsmokers, comparison of amniotic fluid specimens from 94 nonsmokers and 28 smokers showed no association between maternal smoking and mutagenicity of amniotic fluids. Regardless ofthe smoking status ofdonors, however, specimens of amniotic fluid showed small increases in mutagenicity compared with concurrent solvent controls. These increases suggest the presence of small amounts of mutagenic activity in many of the amniotic fluid specimens not associated with maternal smoking.
A subsequent study also found no increases in mutagenicity among amniotic fluid specimens obtained during the second trimester (21) . However, concentrates of larger volumes of amniotic fluid obtained at term from some of the heavy smokers studied had increased mutagenic activity compared with similar specimens from nonsmokers (21, 22) . While these studies demonstrate that exposure to mutagens in fetal tissues is occurring in heavy smokers, they do not indicate whether exposure starts only after several weeks of gestation or only among heavy smokers. Such questions deserve further study using more sensitive assays, such as the method described by Kado (23) or other techniques. More sensitive techniques may also help define the origin of mutagenicity not related to smoking.
Chromosomal
Three tests have been used to detect chromosomal damage to genetic material in the fetus: assays for chromosomal aberrations, micronuclei, and sister chromatid exchanges in cord blood lymphocytes. Although not all studies are consistent, the majority of studies have found that in adults, smokers have increased frequencies of chromosomal aberrations (24) and sister chromatid exchanges (24) (25) (26) . Studies of the effect of smoking on frequencies of micronuclei in lymphocytes have given confficting results (24, 25) . One study reported small increases in frequencies of SCEs induced by mitomycin C among passive smokers (27) .
Although karyotypes are often obtained from infants for diagnosis of genetic diseases, few studies have investigated somatic cell damage by analyses of such specimens for chromosomal aberrations. Two brief reports found no evidence ofincreased chromosomal aberrations among cord blood lymphocytes of smokers (24, 28) . These studies analyzed cord blood specimens from the offspring of a total of 56 smokers and 42 nonsmokers. In addition, a study of low birth weight infants found no association between birth weight and frequencies of chromosomal aberrations, but did not study the independent effect of smoking (29) . Smoking was also not considered in a study that measured the frequency of micronuclei in 28 cord blood specimens (30) .
Data from four studies (31) (32) (33) (34) evaluating the frequencies of sister chromatid exchanges among women who smoked during pregnancy and cord blood specimens from their offspring are presented in Figure 1 . Each of these studies found appreciably lower rates of sister chromatid exchanges in cord blood lymphocytes than in maternal blood lymphocytes. In two studies (33, 34) smoking was associated with increased SCE values in maternal blood. Lack of a smoking effect on maternal cells in the other studies may have been due to the small numbers of subjects studied, concentration of 5-bromo-2-deoxyuridine used, the relatively low numbers of cigarettes smoked or relatively brief duration of smoking for most women studied (33, 34) . None of the studies, including that by Lundgren et al. (34) , which showed a clear smoking effect in maternal cells and used several assay conditions designed to enhance smoking effects (Fig. 1) , found a statistically significant association between smoking and SCE frequencies in cord blood. A total of 134 subjects were included in these studies, with subjects about equally divided between smokers and nonsmokers. Unlike chromosomal aber- (A) Three studies using low levels of 5-bromo-2-deoxyuridine (BUdR) in the culture media. Data are from (31) (32) (33) . Frequencies of sister chromatid exchanges were consistently higher in maternal than in fetal cells. The only significant difference between smokers and nonsmokers were higher levels in maternal cells in the study by Lundberg et al. (33) . (B) A study in which SCE levels were compared for assays done with different levels of BUdR in the culture media and with and without a-naphthoflavone, which previous studies suggested would enhance the frequency of SCEs among smokers. Data are from (34) . Smoking was associated with significantly higher frequencies of SCEs only for maternal cells using high levels (100 ,M) of BUdR in the culture media. Bars indicate one SE.
rations, whose low frequency provides relatively little statistical power, the aggregate statistical power of the SCE studies should have been substantial. Taken together, these measurements eliminate more than a small effect of smoking on SCEs in cord blood. Two studies (32, 35) showed no differences in SCE frequencies between healthy nonpregnant and pregnant women, indicating that pregnancy itself does not affect SCE values. A third study (36) did report higher SCE and aberration rates among pregnant women in India ill (perhaps, the authors note, because of folate deficiency during pregnancy). In other data from studies of SCEs in cord blood, Seshadri et al. (32) reported an association between moderate or high consumption of alcohol by the mother and high frequencies of SCEs in maternal blood but not cord blood samples. In addition to these studies, Hatcher and Hook (37) found no association between the SCE frequencies in cord blood specimens and either rates of chromosomal aberrations or birth weight. Both their data and data of Das et al. (38) suggest rapid reductions in SCE frequencies after birth. Neither of these latter two studies examined effects of smoking on SCE frequencies.
Gene or Specific Locus Effects
Although there currently is no well-established method for detecting genetic damage occurring in vivo at the level of the gene or specific locus in human somatic cells, two laboratory approaches are in advanced stages of development. One of these assays, developed by Strauss and Albertini (39) , analyzes peripheral blood lymphocytes for resistance to 6-thioguanine. Resistant cells have lost activity of the enzyme hypoxanthineguanine phosphoribosyl transferase (HGPRT), presumably due to mutational loss of gene function, making them unable to activate the 6-thioguanine to metabolites that interfere with lymphocyte activation or proliferation. In the initial versions of this assay, resistant cells are scored autoradiographically by their ability to take up tritiated thymidine (39) . Recent technical developments provide an alternative means for scoring: the ability of lymphocytes to make clones (40) (41) (42) (43) . Genetic material from clones obtained by the latter approach can then be analyzed further, allowing demonstration of the molecular basis of changes at the HGPRT locus. Using this approach, in early studies, restriction-fragment analysis using Southern blots showed substantial gene alterations not visible cytogenetically in about 50% of 6-thioguanine-resistant lymphocyte clones. Changes included apparent deletions, new bands, and exon amplifications (44, 45) .
A second technique for direct measurement of putative mutations in somatic cells is the detection of gene loss by quantitating erythrocytes that have lost expression of glycophorin-A membrane antigens. Individuals heterozygous at the glycophorin locus should have two glycophorin antigens on the surface of their red cells.
This assay quantitates the frequency at which red cells from heterozygous individuals do not react with monoclonal antibodies against one of the antigens. Advantages of the glycophorin-A assay are that it requires fewer in vitro manipulations than the lymphocyte assays, it uses a more homogeneous target tissue, and it has a more automated scoring system (46, 47) .
At this time only the assay for 6-thioguanine has been used to study specimens of cord blood. Albertini et al. (48) (43) recently reported results from nine cord blood specimens assayed using the cloning technique. Variant frequencies were markedly lower in these cord blood specimens than in adult blood specimens, but the sample was too small to allow analysis of determinants of variant frequencies from either specimen source.
Chemical Modifications of DNA (DNA Adducts)
Chemical alteration of DNA is a fundamental mechanism by which environmental agents cause adverse effects in genetic material. Techniques used to measure chemical modifications to DNA include assays for unscheduled DNA synthesis, DNA strand breaks, and chemical addition products (adducts). While each of these approaches have been able to detect changes following relatively high doses of exposure in experimental studies, assays with sufficient sensitivity to measure in vivo effects in human subjects have become available only recently. The assays with the greatest sensitivity are procedures for measuring DNA adducts.
In experimental studies, the incorporation of radiolabeled chemicals into DNA and direct physiochemical analysis for adducts (e.g., by use of high-performance liquid chromatographic separation and fluorescent detection of adducts) are the analytical approaches most frequently used to measure DNA adducts. The former approach would require administration of high levels of radioactivity, and the latter approach has not been sufficiently sensitive to measure formation of adducts in vivo in humans.
Because of limitations in the techniques commonly used to detect DNA adducts, studies of DNA adducts formed in vivo in human tissues used two other recently developed methods for detecting adducts. One method, an immunologic approach, measures adducts in DNA from tissues using radioimmunoassays or enzyme-linked immunosorbant assays (ELISAs) conducted with antibodies against DNA adducted with known chemicals (49) (50) (51) (52) . The second method, 32P-postlabeling (53, 54) , is performed by isolating DNA, digesting it to mononucleotides, and postlabeling the mononucleotide with radioactive phosphate using an enzymatic process that is highly specific for DNA nucleotides, including adducts. Nucleotides containing aromatic adducts are then separated from normal nucleotides by thin-layer chromatography, and autoradiograms are made showing maps, or fingerprints, of DNA adducts. Levels of the adducts can then be estimated by the density of the autoradiograms or, more accurately, by scraping the thin-layer chromatograms and quantitating the radioactivity present (53, 54 32P-Postlabeling also demonstrated that chronic administration of diethylstilbestrol results in the formation of DNA adducts in the kidney of male Syrian hamsters (56) . Adduct formation was specific for the kidney, which is also the specific target organ for diethylstilbestrol carcinogenesis in this species. Subsequent study demonstrated that the adducts were a result of estrogen induction of endogenous chemicals to bind to DNA rather than adducts directly formed by estrogen (57) .
To investigate whether modifications to fetal DNA could be detected in humans by these techniques, 43 specimens of human placental tissue from smokers and nonsmokers were analyzed by both of these approaches. Methods and results of this study are described in more detail elsewhere (52, 58) . Briefly, women were enrolled at about the seventh month of pregnancy, their medical records were abstracted and questionnaires were administered, blood specimens were obtained at the time of enrollment into the study, and maternal blood, cord blood, and placental specimens were gathered at the time of parturition. In addition to demographic data, the questionnaires obtained detailed histories of the use of cigarettes and exposures to potentially toxic chemicals during pregnancy. Blood specimens were analyzed for three biochemical markers of exposure to tobacco smoke: carboxyhemoglobin, cotinine (the major metabolite of nicotine), and thiocyanate. Placental specimens were analyzed for the presence of DNA adducts using antibodies to DNA modified with benzo[a]pyrene dihydrodiol epoxide (BPDE-I) in ELISA assays and with the adduct intensification modification (54) of the 32p-postlabeling assay (52, 58, 59) .
Although results of the ELISA assays indicated that placental DNA contained material reacting with antibodies against BPDE-I modified DNA, levels were similar for specimens from nonsmokers and smokers (52) .
The 32P-postlabeling assay detected a total of seven chromatographically distinct adducts. The adduct observed most commonly, adduct 1, was strongly associated with maternal smoking: it was observed in 22 of 24 specimens of smokers, but only in 3 of 19 specimens from nonsmokers. Levels differed dramatically between nonsmokers and smokers (Fig. 2) . The other six adducts were found less frequently than adduct 1. Two of the six were present only in nonsmokers; two other adducts were found almost exclusively in smokers. The small numbers of study subjects made it difficult to determine whether the latter adducts are actually associated with smoking (52, 58) . Recent unpublished data from a larger group of study subjects allowed more quantitative analysis of associations between adduct levels and the intensity of exposure to smoking as determined by questionnaire and biochemical data (carboxyhemoglobin, cotinine, and thiocyanate levels), effects of confounding factors on adduct levels, and associations between adduct levels and birth weight [which is known to be 200 to 300 g less among the offspring of smokers (60, 61) ]. Estimates of intensity of exposure to tobacco smoke from questionnaire data had much weaker associations with adduct levels than estimates from the biochemical data, so that quantitative relationships might not have been recognized if only questionnaire data were available. Among smokers, levels of adducts were better predictors of decreased birth weight and infant length at birth than biochemical or questionnaire data (62) . Although many research questions can be addressed without knowing the chemical structure of the adducts, the identity of chemicals causing the adducts and their structure is of great interest. Levels of adducts detected with the very sensitive 32P-postlabeling procedure are very low; however, the best estimate for the highest levels of adduct 1 in placentae is about one adduct in 2 x 108 nucleotides (63) . Thus, about 100 kg of placenta would have to be processed to recover 1 ,ug of adduct, making it difficult to isolate sufficient quantities of adduct for identification by standard analytical chemical methods. Other approaches are therefore being used to identify adduct 1. One approach is cochromatography of adducts found in placental specimens with adducts from genotoxic aromatic chemicals known to be in tobacco smoke. These studies indicated that adduct (52) . While similar studies with other chemicals continue, another approach is under investigation. This approach relies on the observation that cigarette smoke condensate painted on mouse skin give adducts that cochromatograph with adduct 1 under multiple chromatographic conditions (63) . By chemically subfractionating the cigarette smoke condensate and following fractions containing adduct 1, it should eventually be possible to identify this and other adducts. These two approaches may serve as models for the identification of chemical modifications to DNA in tissues from individuals with environmental or occupational exposures.
Discussion Strengths and Limitations of Studies on the Effects of Smoking
The comprehensiveness and statistical power of studies reviewed here vary widely. Only preliminary data are available for several approaches to measurement of genetic damage, including studies of chromosomal aberrations, micronuclei, and 6-thioguanine resistant lymphocytes. Investigations of the presence of mutagenic material in amniotic fluids are more complete, and demonstrated that "heavy smokers may expose their unborn children to mutagenic substances" (22 (34) .
Implications for Studies of Determinants of Genetic Damage Other Than Smoking
The results of these investigations suggest several principles for studies of other assays and agents. First, investigations of smoking demonstrate that there are major advantages to using situations in which exposure is relatively well defined for initial evaluations of the usefulness of different assays for genetic damage. Stud- ies of smoking are frequently the best available model, and, given the number of potential study subjects who are exposed to tobacco smoke, the effects of smoking will often have to be understood in order to investigate effects of other agents. Second, characterization of the exposures by multiple questionnaire and laboratory approaches can enhance understanding gained in such studies, as illustrated by the clearer demonstration of a dose-response relationship between the intensity of smoking exposure and levels of adduct 1 when this association was sought using the biochemical data rather than the questionnaire data. Third, while most of the studies reviewed considered only a single assay, it seems likely that evaluation of assays would be facilitated by including multiple end points such as chromosomal damage and gene mutation in the same study whenever possible. Finally, studies of smoking typically point to the most useful available assays for assessing effects of other environmental exposures and provide a means for judging desirable qualities of assays and prioritizing assays for further development. For example, in addition to its great sensitivity, the 32P-postlabeling assay has advantages of great specificity, allowing it to contribute to identification of critical components in complex mixtures and to provide leads to unrecognized hazards. Likewise, the technique for assaying for 6-thioguanine-resistant lymphocytes that provides clones of mutant cells provides not only frequencies of mutation, but also information to characterize the molecular nature of the mutational damage. Emphasis should be given to development of other assays that yield results that are highly specific as well as quantitative.
Implications for Future Epidemiologic Studies
The availability of highly sensitive and specific measures of damage to genetic material should provide exciting tools for future epidemiologic studies investigating either prenatal or postnatal determinants of disease risk. Such assays may be both sensitive enough to investigate effects of ubiquitous low-level exposures and/ or specific enough to be used to study small numbers of cases or clusters of disease. Ideally, results of individual assays would be linked with other assays to provide convincing data on the public health risk from an exposure. Table 3 presents a hypothetical example of such a study. Note that in this scenario a single assay is not used to connect exposure and disease, but different assays are used to provide evidence for exposure, biological effect, effect in target tissue, and health effects. Each of these multiple assays provides a slightly different piece of the biologic puzzle, that together may constitute a compelling case for a causal association. The future availability of these biomarkers should provide a means for investigating many areas that are difficult to approach using the tools currently available to environmental epidemiologists. One can conceive this approach as providing a means to study the etiology of diseases including cancer, birth defects, spontaneous abortion, or the effects of occupational exposures or exposures to toxic wastes or dump sites. Although in principle each of the assays needed for the hypothetical future epidemiologic study described in Table 3 are available, in practice there is much work to be done before such unified studies can be undertaken. Preliminary to such work, disciplinary and institutional barriers to progress in the evaluation and use of biomarkers for direct measurement of genetic damage in humans need to be overcome. Design of the most effective studies using biomarkers may require us to put aside, at least for a time, our disciplinary focus and approach these problems from a broader perspective. That perspective would draw on the most appropriate tools for the problem at hand from the disciplines of clinical research, epidemiology, toxicology, and molecular biology. (Perhaps this could be called the perspective of an environmental etiologist.)
Institutional barriers are a result of the fact that interest in and support for investigation of each of the factors that may cause genetic damage (genetic, lifestyle, dietary, occupational, pollutants, and other environmental factors) largely come from separate institutions. Likewise, the mandate for studying each of the diseases that may result from genetic damage (genetic diseases, cancer, adverse reproductive outcomes, aging, and others) largely resides in different institutions. This makes it difficult to achieve an overall perspective of the causes of genetic damage and tends to fragment efforts. Ways to coordinate efforts while using the strengths of these institutions need to be identified and encouraged.
Finally, each of the assays that would be used for our hypothetical future epidemiologic study needs to be further characterized and critically evaluated for its sensitivity, specificity, and overlap with other assays. This evaluation process should be done in an orderly manner, starting with use of the assays in model studies detecting effects of precisely characterized, high levels of exposure (such as patients receiving cancer chemotherapy or smokers). In these initial studies the study subjects are to a large extent used to investigate properties of the assay. Understanding gathered in these model studies can then be used to develop studies where the assay is used to characterize determinants of disease in the population studied. When the molecular approach to epidemiology is as fully developed as are traditional approaches to epidemiology and toxicology, studies such as that described in Table 3 should help identify prenatal exposures causing the greatest risk to public health.
